P2 prophages have been known to inhibit DNA replication and growth of T-even phages. We show here that this inhibition is due to poisoning of the T-even single-stranded DNA binding protein gp32 by the product of the nonessential P2 tin gene. Synthesis of Tin protein from a gene cloned in a multicopy plasmid is necessary and sufficient to completely prevent de novo DNA replication and growth of wild-type T2 or T4 phage. We isolated more than 20 independent mutants that render T-even phages resistant to poisoning by the P2 Tin protein. In all of these mutants, which we call asp, Asp codon 163 of gene 32 is changed to a Gly or Asn codon. The mutant alleles are recessive; i.e., when wild-type and asp mutants coinfect the same host cells, most DNA replication is poisoned by P2 Tin protein. To explain our results, we propose that the P2 Tin protein interacts with T-even gp32 at position 163 and distorts the helical filament of gene 32 protein on single-stranded DNA. Thereby Tin protein inhibits either assembly or function, or both, of the T4 replisome. The inhibition of late gene expression by P2 Tin protein may be an indirect consequence of inhibition of DNA replication. ᭧ 1997 Academic Press
INTRODUCTION
. Gp32 interacts both with DNA and with other proteins that drive Many plasmids and prophages express genes whose these processes (Formosa and Alberts, 1984;  Kreuzer products inhibit or restrict other replicons. Such inhibitory and Morrical, 1994; Mosig, 1994a ; Mosig and Breschkin, mechanisms confer upon the host bacterium protection 1975; Mosig et al., 1979b; Wheeler et against virulent viruses, either directly or by reducing al., 1996) . the concentrations of such viruses in the environment It has been known that prophage P2, resident in Shi- (Molineux, 1991; Parma et al., 1992; Shub, 1994; Snyder gella dysenteriae, interferes with T-even phage developand Kaufmann, 1994; Snyder, 1995) . The best known inment (Bertani, 1953; Lederberg, 1957) by preventing T2 hibitory mechanisms are based on restriction-modifica-DNA synthesis and limiting RNA and protein synthesis tion systems designed to degrade foreign DNA (Revel, to a few minutes after infection (Smith et al., 1969) . For 1983; Carlson et al., 1994; Raleigh et al., 1991) . Other unknown reasons this inhibition by P2 prophage is less mechanisms inhibit translation (Yu and Snyder, 1994) , severe in Escherichia coli B. The inhibiting P2 gene(s) transcription (Herman and Snustad, 1982; Kutter et al., remained unknown. Sequencing of the last unknown seg-1984; Kutter et al., 1981) , or lead to destruction of the ment of P2 DNA (Calendar et al., 1997 ; Genbank Acceshost's membrane potential (Parma et al., 1992; Snyder, sion No. X99628) revealed an open reading frame, pre-1995; Snyder and Kaufmann, 1994) . Here we describe a viously called orf94 (Linderoth et al., 1993) . We found that novel mechanism whereby phage P2 lysogens inhibit this orf is responsible for the inhibition. Therefore we replication of the virulent bacteriophage T4. Such lysonow call this P2 gene tin (for T-even inhibition). Here we gens produce a protein that targets the major singledescribe the nature of the inhibition. stranded DNA binding protein of T4 (Alberts and Frey, 1970; . This protein, the product of MATERIALS AND METHODS gene 32 (gp32), is essential for DNA replication, recombination, and repair (Alberts and Frey, 1970; Bernstein and Phage and bacteria Wallace, 1983; Epstein et al., 1964; Kozinski and Felgen- Wild-type T4D and the following T4 mutants: amN130 hauer, 1967; Mosig, 1985; Mosig et al., 1979a; Mosig et (gene 46, recombination nuclease) ; amN116 (gene 39, DNA topoisomerase); amH17 (gene 52, DNA topoisomerase); amC5 (gene 59, DNA-helicase-loading protein); amH39 (gene 30, DNA ligase); amE219 (gene 61, pri-quencing in a Perkin-Elmer thermocycler using reagents and protocols of the Promega fmol sequencing kit ac-mase); amE727 and tsC9 (both gene 49, recombination endonuclease VII); amN81 (gene 41, DNA helicase); cording to the vendor's protocol, as described (Mosig and Colowick, 1995) . amE315 and amA453 (both gene 32, ssDNA binding protein); amE10 (gene 45, DNA sliding clamp); and amC64 (gene 55, sigma factor for late transcription), originally
Measuring T4 DNA synthesis isolated and obtained from A. H. Doermann and R. S.
Total de novo T4 DNA replication was monitored by Edgar, have been backcrossed to wild-type T4 and mainincorporation of [ 3 H]thymidine (ICN) into TCA precipitable tained in our labs. The gene 45 and gene 55 mutants material as described (Mosig and Colowick, 1995) . had been backcrossed three or five times, respectively, by John Wiberg. The T4 gene 32 mutants asp1 (Asp163 Measuring T4 protein synthesis Gly) and asp5 (Asp163Asn) and 25 other asp mutants of T4 and T2 phages with one or the other of the same E. coli B carrying either pUC19 or pYMD2 were grown base changes were isolated and characterized during at 37Њ in M9 containing 0.5% the present studies based on their ability to grow in E. glucose, 100 mg/ml casamino acids (CAA), 1 mg/ml thiacoli B strains containing the plasmids pYMD2 or pYMD3 mine-HCl, and 50 mg/ml carbenicillin to about 3 1 10 7 (Fig. 1) , on recombinant frequencies and on their DNA cells/ml (determined in a Petroff-Hauser cell under a misequence. Proportions of recombinants were detercroscope). The cells were then pelleted by centrifugation, mined, and double mutants were isolated from the phage resuspended in prewarmed fresh medium of the same progenies of standard crosses (Mosig et al., 1977) becomposition, except that CAA were present at 20 mg/ml, tween single mutants. and grown to a density of about 2 1 10 8 cells/ml. The E. coli B (sup o ) and UT481 (supD) (from C. Lark, Univercells were then infected with an m.o.i. of approximately sity of Utah) were used to propagate T4 wild-type or am six with T4 wild type, asp1, 32am315, or 45amE10mutants, respectively. They have been maintained in our 55amC64 mutants. At the time of infection all cells carlabs for many years. E. coli B was transformed with ried the plasmid, as determined from their ability to form pYMD2, pYMD3, or pYMD4 and E. coli UT481was transcolonies in the presence or absence of ampicillin. As formed with pYMD2 by standard methods (Sambrook et expected from the m.o.i., less than 1% of the bacteria al., 1989). E. coli B or UT481 bearing pYMD2 or pYMD3 do were able to form colonies 4 min after infection. not support growth of wild-type T-even phages, whereas At different times after infection 2-ml portions of the those bearing pYMD4, in which translation initiation of infected bacteria were labeled for 4 min by adding 2 mCi tin is defective, permit T-even growth.
[ 14 C]-L-casamino acids (Dupont-New England Nuclear) together with 26 mg cold CAA per milliliter. Labeling was Plasmids terminated by pipetting the cells into 2 ml ice-cold 0.6 M trichloroacetic acid. The samples were processed for pYMD2 (Calendar et al., 1997) was generated by electrophoresis as described (Cardillo et al., 1979) , excloning a ScaI -Tth111 fragment of P2 DNA (positions cept that the reducing agent was not added until the 30,133 to 31,590; Fig. 1 ) into the polylinker of pUC19. samples were to be analyzed. Gels were 15% polyacryl-This plasmid contains the P2 tin gene and an addiamide-0.4% bisacrylamide gels in Tris-glycine (Samtional orf, orf91. The direction of transcription of orf91 brook et al., 1989) . Acrylamide-bisacrylamide (30%) soluis opposite to that of tin ( Fig. 1) . Orf 91 was removed tion (Catalogue No. ELCR1DC01) was purchased from in pYMD3 by deleting an internal StuI -EcoRV fragment Millipore. Gels were dried and subjected to Phosphorfrom pYMD2 (Fig. 1) . To generate pYMD4, in which tin Imager analysis and autoradiography. is not translated, the tin-containing fragment of pYMD2 was transferred to pUC119, and single-stranded DNA Measuring the integrity of T4 DNA was made by M13 infection. Mismatched oligonucleotide mutagenesis (Sambrook et al., 1989 ) was used to Samples of the same infected cells that were used introduce a SmaI site at the translation initiation region for protein labeling were taken 30 min after infection. of the tin gene. The oligonucleotide was 5ATAAAA-Intracellular DNA was isolated as described (Krabbe and GGTGTTCCCGGGAATAACATGGAT3. The SmaI site, Carlson, 1991) and electrophoresed in 1% agarose in 5CCCGGG3, replaces the nucleotides 5GATATG3 0.178 M Tris-borate, 0.178 M boric acid, 0.004 M Na 2 H 2 and alters the initiation codon for tin.
EDTA, pH 8.0. Gels were blotted onto nylon membranes, which were hybridized with T4 and lambda DNA labeled DNA sequencing of T4 mutants by random-priming with [a-32 P]dCTP (DuPont-New England Nuclear) and subjected to PhosphorImager analy-DNA, obtained from T4 particles by boiling them in distilled water for 5 min and avoiding subsequent harsh sis and autoradiography as described (Krabbe and Carlson, 1991). pipetting, was used as template for repetitive primer se- Lindqvist, Dehó , and Calendar (1993) . Arrows represent the directions of transcription. The DNA content of tin-containing plasmids pYMD2 and pYMD3 is shown as striped bars.
RESULTS
Rho-factor-dependent transcription termination, thus reducing tin transcription. The phage P2 tin gene is necessary and sufficient to inhibit T-even phages
The target of the P2 tin gene is the T-even gene 32 protein The P2 tin gene is located between P2 genes A and old ( Fig. 1 ; Calendar et al., 1997) . A DNA segment encom-T2 and T4 mutants that can grow in E. coli bearing pYMD2 were found with frequencies of less than 10 07 in passing tin was cloned into pUC19 to give plasmid pYMD2, which contains an additional open reading each of more than 20 independent wild-type T4 or T2 lysates which had been grown from single plaques. We frame of unknown function, orf91, that can be transcribed from the opposite DNA strand. This additional DNA seg-call these T4 mutants that overcome the effects of the P2 tin gene, asp (aborts sensitivity to P2). Crosses of the ment was deleted in plasmid pYMD3 ( Fig. 1 ), which contains tin as the only P2 gene.
first isolated asp1 mutant with am mutants in many T4 genes at different map positions revealed no linkage with Tin is predicted to encode a protein of 253 amino acid residues. In the prophage, tin is cotranscribed with the asp, except for mutants in genes 38, 34, 33, and 30 (data not shown), suggesting that asp mutations are located old gene, which is neither present in pYMD2 nor in pYMD3. We surmise that in these plasmids tin is tran-in or near T4 gene 32. Subsequent crosses of several asp mutants with gene-32 am mutants A453 and E315 scribed from a plasmid promoter.
The multicopy plasmids pYMD2 or pYMD3 completely yielded less than 0.7% wild-type recombinants, i.e., am / progeny that could not grow in pYMD2-bearing sup o host prevent plaque formation of wild-type T6, T4, or T2, the so-called T-even phages, in E.coli B, indicating that ex-bacteria (Table 1) . Because the recombinant frequencies indicated that pression of the tin gene is necessary and sufficient for inhibition of the T-even phages by P2. The essential role the asp mutations are located between the am mutations A453 at codon 116 and E315 at codon 206, or down-of tin in T4 inhibition was also confirmed by changing the initiation codon of tin, AUG, to GGG by oligonucleotide-stream of E315 (Table 1) , we sequenced the entire gene 32 of asp1 and the DNA between A453 and the end of directed mutagenesis as described under Materials and Methods to give plasmid pYMD4. As predicted, in gene 32 in asp2 through asp5 and in A453 and E315.
Remarkably, in each mutant the same Asp codon 163 of pYMD4-bearing E. coli B, both wild-type T2 and wild-type T4 phage can grow. The different extent of inhibition gene 32 is changed to an Asn or Gly codon. Subsequent sequencing between codons 135 and 254 of each one exerted by P2 prophage as compared with multicopy tin clones suggests that inhibition depends on the level of of the independent T2 or T4 mutants revealed that all asp mutants have one or the other of the same base tin expression in different situations. In the prophage state the copy number of the tin gene is less than in the changes at codon 163 (Table 2) . We found only two additional differences between our sequences and the re-plasmid-bearing cells. Moreover, tin has no promoter of its own, relying on the old promoter for expression. The ported wild-type T4 gene 32 DNA sequence (Krisch and Allet, 1982) : the reported Arg 138 codon CGC is CGT and 150 nucleotide spacer between old and tin could cause pUC19 or the tin plasmid pYMD2, contained similar proportions of high molecular weight T4 DNA (Fig. 3) , indicat- experiments (Mosig et al., 1979b) , several of these sec-0.26% ond mutations had shown differential effects on DNA replication in combination with certain gene-32 ts mutations (at the permissive temperature for the single gene the Phe codon 139 TTT is TTC, both in our wild type and 32 mutants). We tested second mutations in gene 46 in the asp mutants. The T2 and T4 genes 32 and their (proposed recombination nuclease), gene 49 (recombiproducts have nearly identical DNA and amino acid senation endonuclease VII), gene 61 (primase), genes 52 quences (McPheeters et al., 1988) . Since both mapping and 39 (DNA topoisomerase), gene 41 (DNA helicase), and DNA sequencing results agree in the positioning of and gene 59 (helicase-loader). The single mutants that the codon 163 asp mutations, we conclude that these we crossed with asp5 have apparent phenotypes called mutations are responsible for the resistance to inhibition ''DNA arrest, DA'' (genes 46, 41, and 59); ''DNA Delay, by P2 and that the corresponding wild-type T4 single-DD'' (genes 52, 39, and 61) or ''wild-type like'' (gene 49) stranded DNA binding protein is the target of P2 Tin in E. coli B without tin plasmids (Mosig, 1994a; Mosig protein. and Colowick, 1995) . We found that these double mutants have the expected DNA arrest (DA) and wild-type like or The P2 Tin protein poisons T4 DNA replication of DNA-delay (DD) phenotypes in E. coli B, both with or wild-type T4 but not of asp mutants without tin plasmids (data not shown). As expected, none of the single mutants, except for the single asp mutant, There is little or no de novo wild-type T4 DNA synthesis showed de novo DNA synthesis in E. coli bearing tin in E. coli containing the tin plasmids pYMD2 ( Fig. 2A) or plasmids. pYMD3 (Fig. 2B) . The lack of DNA synthesis is not due to Together, these results suggested that the P2 Tin profragmentation of the infecting T4 DNA. Phage T4 DNA, recovered from wild-type T4-infected cells carrying either tein poisons T4 DNA replication by poisoning T4 gp32 Note. Numbering starts at the first base of the initiation codon. The sequences were obtained as described under Materials and Methods, using as primer 5CCAAATCATCAGCCACTT3. function in T4 DNA replication. Altering a critical aspartate residue at position 163 prevents the poisoning, without interfering with the interaction of gp32 with other proteins of T4 DNA replication or recombination. Because the known functions of gp32 depend on formation of multiprotein-nucleic acid helical filaments, we asked whether the asp mutants affected the sensitivity of wildtype gp32 to poisoning by P2 Tin protein. We coinfected tin-plasmid-bearing E. coli B hosts with both phages in varying ratios at the same total m.o.i.s. The data in Fig.  2B show clearly that in such bacteria, coinfected with wild-type and asp mutant T4, the P2 Tin protein poisons T4 DNA replication and, by implication, the gp32 helical is present in the same cell; i.e., in genetic terms, the ( Fig. 1) , with wild type (wt), asp1 or asp5 T4 phage at m.o.i.s of 5 at 37Њ. (B) Cumulative incorporation of [ 3 H]thymidine into T4 DNA after infection of E. coli B, containing the multicopy tin plasmid pYMD3 (Fig.  1) , with wild-type T4 alone (6wt), asp5 alone (6 asp5 wild-type gp32 has a dominant negative effect on DNA We suspect that P2 Tin protein would poison recombination-dependent DNA replication as well as origin-depen-replication in tin-containing E. coli. The residual DNA replication seen in the coinfection experiments at varying dent replication, but because DNA replication is inhibited early, there is little recombination later on (Dannenberg relative m.o.i.s (as compared with the lack of DNA replication of the same bacteria infected only with wild-type and Mosig, 1981 Mosig, , 1983 . Alternatively, one might consider that gp32 of the asp T4 at the same total m.o.i. of 6) is not much higher than the proportion of cells infected only with asp mutant mutants would competitively inhibit wild-type gp32 from binding to DNA, thereby avoiding poisoning of the T4 phage (expected from the Poisson distribution). At most, a few cells, coinfected with a minority of wild-type and protein-DNA filament by P2 Tin protein. We consider the latter alternative unlikely, because wild-type T4 is a majority of asp mutants, can synthesize some T4 DNA. dominant or codominant over asp mutants in its suscepti-The P2 Tin protein inhibits late T4 gene expression bility to P2 Tin. Similar dominant inhibitory effects of mutant derivatives of other proteins that form filaments on Protein synthesis is much reduced at late times ( Fig. DNA (e.g., RecA protein) have been taken as evidence 4A) after infection of tin-bearing E. coli B bacteria with that the mutant proteins participate in the filaments and wild-type T4 as compared with the same bacteria ininactivate their function (Lauder and Kowalczykowski, fected with T4 asp mutants. No late T4 proteins are made 1993). after infection of tin-bearing bacteria with wild-type T4
The three simplest possible poisoning mechanisms of (Fig. 4B ). This is evident by comparison with proteins T4 gp32 by P2 Tin protein and the resistance of the T4 synthesized in tin-less bacteria infected with T4 gene asp mutants include the following: (1) Asp163 of T4 gp32 45-55 mutants (lane1), which are defective in DNA synis the direct target for interactions with P2 Tin, either thesis and do not produce the T4 sigma factor required because Tin is a DNA binding protein that can interact for late gene expression and therefore no late proteins with gp32 or because Tin sits backpack on the filament. (Williams et al., 1994) . The gene 32 am mutant E315 (lane In either case, Tin would distort the gp32-DNA filament. 11) does not synthesize full-length gene 32 protein and If multiple conformations of T4 gp32 (as they are known instead overproduces the corresponding am peptide (arto exist for E. coli Ssb or RecA proteins) are important rowhead). A weak band that appears at the same posifor its functions, binding of Tin might inhibit transitions tion as wild-type gp32 in this mutant is due to the rIIB, between different conformational states.
(2) Asp163 can rnh, and gene 44 proteins, which have similar molecular be phosphorylated by Tin and the phosphorylation affects weights and comigrate with gp32. Because of defective interactions with other proteins or degradation.
(3) Asp DNA synthesis, the gene 32 mutant E315 also synthe-163 is the target of a protease, which could be either Tin sizes little or no late proteins. itself or be activated by Tin. The effect of Tin on T4 late protein synthesis can be These possibilities, which are not mutually exclusive, a direct consequence of Tin on T4 gene expression or an are under investigation. That Tin itself might be a singleindirect effect of the poisoning of DNA synthesis, since it stranded DNA binding protein is suggested by comparis known that T4 late gene transcription requires coning the positions of critical basic and aromatic amino comitant DNA replication . It is posacids in a segment of the Tin protein and in several other sible, that there is an additional direct effect of Tin on single-stranded DNA binding proteins, aligned in Table  T4 transcription. After infection with T4 mutants which 3 (modified from Wang and Hall, 1990) . In one of these cannot replicate DNA, synthesis of early proteins is proproteins the contacts with DNA are visible in the 3Dlonged. In contrast, in tin-bearing cells, most early prostructure. Possibility (3) is unlikely, because in pulseteins are shut off at late times.
chase experiments we found that at least as much gp32 is synthesized in E. coli B with or without tin-containing DISCUSSION plasmids and that gp32 of wild type and asp mutants have equal stability (H. E. Olivey and G. Mosig, unpub-We have shown that the inhibition of growth of T-even phage in P2 lysogens is due to the poisoning of the T-lished results). Our model is based on previous genetic and biochemi-even single-stranded DNA binding protein gp32 by the product of the P2 tin gene and, consequently, of T-even cal evidence that the T4 gp32, a zinc protein that binds cooperatively to single-stranded DNA (Chase and Wil-DNA replication and late gene expression. Mutations that alter the Asp codon 163 of gp32 render gp32 resistant liams, 1986; Gauss et al., 1987; Karpel, 1990; Pan et al., 1989a and b; Shamoo et al., 1995 and 1995a ; Shamoo et to poisoning by P2 Tin protein.
Our working model is that the gp32-DNA filament coor-al., 1994; Spicer et al., 1979; von Hippel et al., 1982; , also interacts with numerous other dinates the interaction of other replication proteins (we envision this filament to function like a roller conveyor), proteins involved in DNA replication, recombination, and repair (Breschkin and Mosig, 1977a . 1) was infected with different T4 strains, as shown above B. At different times after infection newly synthesized proteins were pulse-labeled for 4 min. (A) Total acid-insoluble radioactivity (cpm per 0.2 ml infected culture) in pYMD2-carrying cells infected with T4 wild type (dotted columns) or T4 asp1 (grey columns). (B) SDS-PAGE analysis of the proteins. The arrows to the right point to the expected positions for gp23 and its processed derivative gp23*, the major late capsid proteins synthesized in T4-infected cells, and gp32; the am peptide of the gene-32 mutant E315 (arrowhead) is overproduced. Band positions for the nonradioactive size markers in lane 6 are shown by horizontal lines. From top to bottom these correspond to 97, 66, 45, 31, 22, and 15 kDa. The pattern seen in pYMD2-carrying cells infected with asp1 was the same as that seen upon infection of pUC19carrying cells or plasmid-free E. coli B with either T4 wild type or the asp1 mutant (data not shown). B was prepared from the PhosphorImager data through Adobe and Canvas software. Note. Single-letter amino acid abbreviations are used. Xs followed by numbers indicate the number of unspecified amino acids between the aligned conserved basic or aromatic residues (bold). Hosoda and Moise, 1978; Huberman et al., 1971; selective advantage by ''altruistic death' ' (Parma et al., 1992; Shub, 1994; Snyder and Kaufmann, 1994) . Although and Morrical, 1994; Mosig, 1985; Mosig, 1994b; Mosig et al., 1977; Mosig and Bock, 1976; Mosig and Breschkin, the infected bacteria are killed by T4 or lambda infection, they do not produce more phage to kill yet uninfected 1975; Mosig et al., 1979b; Mosig, Shaw, and Garcia, 1984) . Cooperative binding to single-stranded DNA is bacteria of a population. Moreover, old and tin have a much higher AT content than the essential P2 genes, a prerequisite for most, if not all, gp32 functions and translational autoregulation adjusts the concentration of and they are not present in all P2-related phages, suggesting that they have been acquired by P2 from other gp32 to the abundance of single-stranded DNA segments during viral development (Chase and Williams, organisms via horizontal transfer (Calendar et al., 1997) . The novel mechanism that we propose here for inhibi-1986; McPheeters et al., 1988; Karpel, 1990; Shamoo et al., 1995 Shamoo et al., 1994; tion of the virulent T-even phages by prophage P2 expands the repertoire that viruses use in the evolutionary 1979; von Hippel et al., 1982; von Hippel et al., 1983; . The crystal structure of gp32 (Sha-struggle for survival. moo et al., 1995 and 1995a) has revealed a major DNAbinding cleft and the position of zinc. Neither the N-termi-
